Introduction
============

Cholangiocarcinoma (CCA) is one of the most common malignant tumors. Epidemiological data revealed that the incidence and mortality of CCA were increasing gradually during last three decades.^[@bib1]^ Surgery is the most effective curative approach, however, only 10% of patients are suitable to accept surgery due to the difficulty of early diagnosis.^[@bib2],[@bib3]^ Chemotherapeutics remains the chief therapeutic method for inoperable patients. Inducing apoptosis is one of the most important mechanisms of chemotherapeutic drugs to kill cancer cells. However, the development of acquired resistance to pro-apoptotic antitumor agents is a major obstacle in CCA chemotherapy.^[@bib3; @bib4; @bib5]^ Hence, application of antitumor agents inducing non-apoptotic cell death may be a new way to overcome such drug resistance.

Necroptosis, characterized as the cell death with the similar morphology as necrosis and the unique signal pathway just as apoptosis, is also a kind of important programmed cell deaths.^[@bib6],[@bib7]^ Necroptosis has caused wide public concern over the recent years owing to its important function in pathology and physiology, including developing tissue damage response, defending against viral infections, stimulating the immune system in response to infection, inhibiting or triggering inflammatory reactions.^[@bib8],[@bib9]^ Many stimuli could induce necroptosis, one of which spurred by TNF-*α* is studied the most intensively.^[@bib10]^ The receptor-interacting protein 3 (RIP3), a serine/threonine kinase in RIP kinase family, is necessary in TNF-*α*-induced necroptosis and has been identified as a key regulator in switching cell death from apoptosis to necrosis.^[@bib11]^ However, RIP3 expression is silenced in most cancer cell lines. In addition, loss of RIP3 expression has also been observed in primary colon cancer tissue, primary breast cancer tissue, most acute myeloid leukemia samples and chronic lymphocytic leukemia.^[@bib12; @bib13; @bib14]^ These reports indicate that RIP3 deficiency could be associated with cancer development and progression. As necroptosis is a new cell death pathway distinct from apoptosis, necroptosis inducer may bypass the apoptosis-resistant blockade in killing cancer cells,^[@bib15],[@bib16]^ along with which the agents manipulating RIP3 expression will open the therapeutic possibility to make them sensitive to necroptosis.

In TNF-*α* induced necroptosis, TNF-*α* binding to TNF receptor 1 induces the formation of complex II, which contains RIP3, RIP1, Fas-associated protein with death domain and caspase-8.^[@bib17]^ When caspase-8 inhibitors (for example, z-VAD-fmk) prevent caspase-8 activity or RIP3 expression is upregulated, RIP3 interacts with RIP1 through their RIP homotypic interaction motif domain to form a complex (called necrosome). After that, RIP3 is activated and initiate necroptosis via recruiting its downstream protein mixed lineage kinase-domain like (MLKL) and phosphorylating RIP1 and MLKL. Then MLKL translocates from cytoplasm to plasma membrane and participates in plasma membrane disruption through direct and indirect pathway.^[@bib18],[@bib19]^

Matrine, an alkaloid isolated from traditional Chinese medicine *Sophora flavescens*, has been clinically used to treat various human diseases including inflammation, cardiac arrhythmias and hepatic fibrosis.^[@bib20],[@bib21]^ Recently, matrine has drawn great attention owing to its antitumor effects. Accumulating evidence demonstrates that matrine suppresses cell proliferation via cell cycle arrest, inducing caspase-dependent and -independent apoptosis, and inhibiting migration and invasion in a variety of cancer cells.^[@bib22; @bib23; @bib24]^ In the present study, a novel role of matrine, to induce necroptosis, was uncovered in CCA QBC939 and Mz-ChA-1 cell lines. The underlying mechanisms including why and how matrine induces necroptosis but not apoptosis in CCA were also demonstrated.

Results
=======

Matrine-induced necroptosis but not apoptosis in CCA cells
----------------------------------------------------------

To investigate whether and how matrine induces cell death in CCA cells, we first employed flow cytometry to test the toxicity effect of matrine in Mz-ChA-1 and QBC939 cells. Results showed that matrine-induced cell death in a dose-dependent manner in these two cell lines ([Figure 1a](#fig1){ref-type="fig"}). Further morphology analysis using DAPI staining and fluorescence microscope showed that the nuclei of Mz-ChA-1 and QBC939 cells exhibited typical apoptotic features of hyper-condensation and fragmentation in the pro-apoptotic compound staurosporine-treated group, but not in the matrine-treated group ([Figure 1b](#fig1){ref-type="fig"}). However, the nuclei of HeLa cells displayed such typical apoptotic features in both the staurosporine-treated group and the matrine-treated group ([Figure 1b](#fig1){ref-type="fig"}). These results indicate that the cell death induced by matrine in CCA cells is highly unlikely to be apoptosis.

A more accurate morphological analysis using transmission electron microscope was performed to determine which kind of cell death was induced by matrine in CCA cells. Results showed that Mz-ChA-1 and QBC939 cells treated with matrine for 24 h presented extensive organelle and cell swelling and cytoplasmic vacuolation; these cells lost the plasma membrane integrity when treated with matrine for 48 h ([Figure 1c](#fig1){ref-type="fig"}). However, almost all the nuclei remained unchanged under matrine treatment ([Figure 1c](#fig1){ref-type="fig"}), consistent with the main characteristic of typical necrotic morphology. Thus, these results suggested that the cell death induced by matrine in CCA cells is very likely to be necrosis.

Necroptosis, a programmed form of necrosis, was reported to be induced by some compounds.^[@bib25; @bib26; @bib27; @bib28; @bib29]^ To investigate whether matrine-induced cells death is necroptosis, Mz-ChA-1 and QBC939 cells were pre-treated with necroptosis inhibitor Nec-1 (RIP1 inhibitor) or apoptosis inhibitor z-VAD-fmk (pan-caspase inhibitor) before matrine treatment. The flow cytometry results showed that matrine-induced cell death was significantly blocked by Nec-1 but not z-VAD-fmk ([Figures 2a and b](#fig2){ref-type="fig"}). Under transmission electron micrograph, we randomly selected 100 cells to calculate the percentage of cells undergoing necrosis. Results showed that 57 out of 100 Mz-ChA-1 cells displayed typical necrotic morphology in matrine-treated group, whereas only 13 Mz-ChA-1 cells presented morphologic features of necrosis in Nec-1 plus matrine-treated group ([Figure 2c](#fig2){ref-type="fig"}). Similar results were observed in QBC939 cells where 71 and 22% of the 100 cells selected at random underwent necrosis in matrine-treated group and Nec-1 plus matrine-treated group, respectively ([Figure 2c](#fig2){ref-type="fig"}). The above data indicated that matrine-induced necroptosis but not apoptosis in CCA cell lines.

Matrine-induced necroptosis in RIP3-dependent manner
----------------------------------------------------

Receptor-interacting serine-threonine kinase 3 (RIP3) was reported to have a decisive role in necroptosis response.^[@bib30]^ Its expression was required for cells to undergo necroptosis in response to prototypical necroptosis inducer stimuli TSZ (TNF-*α*+z-VAD-fmk+SMAC mimetic). Therefore, we investigate whether RIP3 was also essential for matrine to induce necroptosis in CCA cells. As RIP3 showed silenced expression in most cancer cells, we first detected the expression levels of RIP3 in Mz-ChA-1 and QBC939 cell lines. HeLa and MCF-7 cells without RIP3 expression and HT-29 cells with high RIP3 expression were used respectively as negative and positive controls. Results from real-time PCR and western blotting showed that RIP3 were highly expressed in QBC939 cells, and moderately expressed in Mz-ChA-1 cells ([Figures 3a and b](#fig3){ref-type="fig"}). We further explored the correlation between RIP3 expression and the mode of cell death induced by matrine. Flow cytometry analysis indicated that matrine-induced necroptosis but not apoptosis in QBC939, Mz-ChA-1 and HT-29 cell lines with positive RIP3 expression ([Figures 2a and b](#fig2){ref-type="fig"} and [Supplementary Figure S1a](#xob1){ref-type="supplementary-material"}); in contrast, apoptosis but not necroptosis was induced by matrine in HeLa and MCF-7 cell lines with silenced RIP3 expression ([Supplementary Figures S1b and c](#xob1){ref-type="supplementary-material"}). These results suggested that the presence of RIP3 protein might switch the cell death from apoptosis to necroptosis when cancer cells were treated with matrine.

We further study the role of RIP3 in matrine-induced cell death. Endogenous RIP3 in Mz-ChA-1 and QBC939 cells was knocked down using lentiviral-mediated RNA interference technology ([Figures 3c and d](#fig3){ref-type="fig"}). Result showed that matrine-induced cell death was inhibited by z-VAD-fmk instead of Nec-1 in Mz-ChA-1 and QBC939 cells expressing shRIP3, in opposition to the situation in Mz-ChA-1 and QBC939 cells expressing control shRNA, but similar to that in HeLa and MCF-7 cell lines without RIP3 expression ([Figure 3e](#fig3){ref-type="fig"}). These results indicated that matrine-induced necroptosis in RIP3-dependent manner in CCA cells. In addition, knockdown of endogenous RIP3 in HT-29 cells has the similar results in Mz-ChA-1 and QBC939 cells ([Supplementary Figures S2a--c](#xob1){ref-type="supplementary-material"}). Interestingly, we also found that matrine could increase RIP3 expression levels in Mz-ChA-1 and QBC939 cells ([Figure 3f](#fig3){ref-type="fig"}). These results suggested that matrine-induced necroptosis via RIP3 mediation and enhanced RIP3 expression to facilitate the necroptosis.

MLKL translocation was required in RIP3-mediated necroptosis induced by matrine
-------------------------------------------------------------------------------

We further investigated how RIP3-mediated matrine-induced necroptosis in CCA cells. MLKL is the critical substrate of RIP3 kinase in necroptosis-signaling pathway.^[@bib15]^ Therefore, we test whether MLKL participated in matrine-induced necroptosis. The results showed that cell death caused by matrine was significantly suppressed by MLKL-specific inhibitor necrosulphonamide in Mz-ChA-1 and QBC939 cells ([Figures 4a and b](#fig4){ref-type="fig"}), suggesting that MLKL is involved in matrine-induced cell death. Translocation of MLKL from cytoplasm to cell membrane, leading to membrane rupture, has been proved to be required for TNF*α*-induced necroptosis,^[@bib31]^ so we next explored whether matrine promoted this translocation of MLKL in CCA cells. Immunofluorescent-staining results showed that MLKL was predominantly located in cytoplasm in intact Mz-ChA-1 and QBC939 cells; whereas most of the MLKL moved to the plasma membrane after matrine treatment, which was prevented by the pretreatment with Nec-1 before matrine ([Figure 4c](#fig4){ref-type="fig"}). These data together indicated that MLKL translocation to plasma membrane, as a downstream event of RIP3, was critical for matrine to induce necroptosis.

ROS generation stimulated by matrine/RIP3/MLKL signaling led to necroptosis
---------------------------------------------------------------------------

It was reported that reactive oxygen species (ROS) production is required for RIP3-mediated necroptosis in several cell lines such as macrophages, MEFs and L929 cells.^[@bib30],[@bib32; @bib33; @bib34]^ To investigate whether ROS participated in matrine-induced cell death in CCA cells, we first analyzed the effect of matrine on the intracellular ROS levels. Results showed that matrine treatment dose-dependently increased ROS level in both Mz-ChA-1 and QBC939 cell lines ([Figures 5a and b](#fig5){ref-type="fig"}). Further study with MTT assay showed that matrine-induced cell death is greatly suppressed by the pretreatment of cells with the ROS scavenger *N*-acetyl-[l]{.smallcaps}-cysteine([Figure 5c](#fig5){ref-type="fig"}), suggesting the critical role of ROS production in matrine-induced cell death in QBC939 and Mz-ChA-1 cells. We then analyzed how intracellular ROS levels were elevated by matrine. Results showed that pretreatment of cells with Nec-1 (RIP1 inhibitor) or necrosulphonamide (MLKL inhibitor) could effectively inhibit ROS production ([Figure 5d](#fig5){ref-type="fig"}), indicating that ROS production was stimulated by RIP3/MLKL axis. Taken together, these data demonstrated that the activated RIP3/MLKL/ROS signaling pathway also contributed to matrine-induced necroptosis in CCA cells.

RIP3 was low expressed but not silenced in most CCA tissues
-----------------------------------------------------------

Previous reports showed that RIP3 expression is frequently silenced in cancers owing to the methylation of the DNA near RIPK3 transcription start site, which was responsible for the failure of chemotherapeutics via necroptosis induction in cancer cells.^[@bib35]^ To evaluate the potential of matrine for the treatment of CCA, which required at least low RIP3 expression, we detected the expression levels of RIP3 in CCA tissues and their paired adjacent normal liver tissues. Immunohistochemistry analysis showed that RIP3 protein was mainly located in cytoplasm in CCA tissues and the paired normal liver tissues ([Figure 6](#fig6){ref-type="fig"}). RIP3 was expressed in all the detected normal liver tissues (highly expressed in 40 out of the total 42 cases and lowly expressed in the remaining 2 cases) ([Figure 6](#fig6){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). In contrast, the expression levels of RIP3 in 42 cases of CCA tissues was 13 cases with negative expression (31.0%), 25 cases with low expression (59.5%) and 4 cases with strong expression (9.5%; [Figure 6](#fig6){ref-type="fig"} and [Table 1](#tbl1){ref-type="table"}). These results suggested that RIP3 was low expressed but not silenced in most of the CCA tissues.

Discussion
==========

In this study, a novel role of matrine, that is, to induce necroptosis, was discovered in CCA cells and the underlying mechanisms were also investigated ([Figure 7](#fig7){ref-type="fig"}). Matrine-induced necroptosis was confirmed by necrotic morphology and the rescue effects of necroptosis inhibitor Nec-1 ([Figures 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). The positive expression of RIP3 was further found to be a molecular switch for matrine to induce necroptosis or apoptosis ([Figures 3a--e](#fig3){ref-type="fig"}). Depending on the key function of RIP1/RIP3/MLKL signaling in TNF-induced necroposis,^[@bib36]^ we proved the upregulated expression of RIP3 ([Figure 3f](#fig3){ref-type="fig"}) and plasma membrane translocation of MLKL ([Figure 4](#fig4){ref-type="fig"}) in the CCA cell lines under the influence of matrine. What's more, the increased production of ROS by RIP1/RIP3/MLKL axis was also validated to contribute to matrine-induced necroposis in CCA cell lines ([Figure 5](#fig5){ref-type="fig"}). Therefore, two pathways downstream of RIP3 might be involved in matrine-induced necroptosis ([Figure 7](#fig7){ref-type="fig"}). The first one, RIP3-activated MLKL translocated to the plasma membrane ([Figure 4](#fig4){ref-type="fig"}) and elevated the sodium influx, which led to increased osmotic pressure and ultimately caused membrane rupture and necroptosis.^[@bib31]^ The other one, activated RIP1/RIP3/MLKL complex increased the generation of ROS ([Figure 5](#fig5){ref-type="fig"}), an executioner of necroptosis, via interacting with some metabolic enzymes including glutamate dehydrogenase 1, glutamate-ammonia ligase and glycogen phosphorylase and the mitochondrial protein phosphatase PGAM5.^[@bib30],[@bib37]^ As matrine is generally considered as an apoptosis inductor, which was also supported by our previous experiments on effects of matrine towards Eca-109 and HepG2 cell lines,^[@bib38],[@bib39]^ this necroposis inducing effect of matrine identified in this study will be a promising outbreak in the research of matrine's cancer-curing mechanisms.

Now some drugs in clinical trials or approved for marketing have been proved as necroptosis inducers to treat different types of cancers, including TRAIL, obatoclax plus dexamethasone, bromopyruvate plus chloroquine and shikonin analogs.^[@bib24],[@bib40; @bib41; @bib42]^ However, in order to evade from different types of cell death, a lot of cancer cell lines have developed a completed resistance mechanism. After the resistances of apoptosis had been gradually acquainted, anti-chemotherapies cell lines were also observed when treated with necroptosis-inducing drugs. Unlike a relative clear theoretical background of apoptosis-resistance, the report about mechanism of necroptosis-resistance was still very rare. However, what was definite is that RIP3 expression and accumulation is a prerequisite for inducing necroptosis. Numerous cancer cell lines with no RIP3 expression, which make them not sensitive to necroptosis machinery, are unsuitable for necroptosis-based therapy drugs. Recently, studies showed that restoring RIP3 expression could promote those cells' sensitivity to chemotherapeutics in an RIP3-dependent manner through genomic demethylation near the RIPK3 transcription start site with DNA methylation transferase inhibitor 5-aza-2′-deoxycytidine.^[@bib35]^ However, 5-aza-2′-deoxycytidine might show great toxic and side effects due to the unwanted demethylation on other DNA regions. Our present study indicated that RIP3 was expressed at low levels in most CCA tumor tissues as compared with normal tissues in CCA patients, which may be the major reason why CCA is insensitive to chemotherapeutic drugs via inducing necroptosis. Exhilaratingly, matrine was found to greatly enhance RIP3 expression in CCA cells, which might solve the problem of chemoresistance in CCA treatment. On the other hand, matrine was unable to induce necroptosis in RIP3-deficient cell lines, which imply a mechanism that matrine's upregulation of RIP3 is not by demethylation. Of course, the exact mechanism still needs to be further studied.

At present, natural production has been a hot spot in the drug development research to screen targeted cancer therapies. Matrine could meet the two most crucial principles in selecting antitumor drug: efficiency and safety. In clinical therapy, matrine has proved its high efficiency and low toxicity in treating advanced malignant tumors, especially in injection mode.^[@bib43; @bib44; @bib45]^ However, an inevitable problem in the application of necroptosis-inducing drugs is their pro-inflammatory effect, which is activated by necroptosis and might exhibit a negative function in tumor treatment. Fortunately, not all necroptosis promote inflammation, sometimes necroptosis process can inhibit inflammatory reactions.^[@bib46],[@bib47]^ Some researchers suggest that induction of necrosis may have the added benefit of invoking the host's innate immune response to aid cell death and cell necroptosis, which then contribute to immune-surveillance in tumor development.^[@bib36],[@bib48],[@bib49]^ Thus, induction of necroptosis in tumors by matrine would be safe for patients.

In conclusion, our study for the first time found that matrine could induce necroptosis in CCA cells with low RIP3 expression by restoring its expression. As a safe clinical drug, matrine might act as a potential effective drug to treat CCA.

Materials and Methods
=====================

Antibodies and reagents
-----------------------

Matrine (cat.\#M5319), *N*-Acetyl-[l]{.smallcaps}-cysteine (cat.\#A7250), propidium iodide (PI, cat.\#P4170) and rabbit anti-MLKL antibody were purchased from Sigma-Aldrich (St Louis, MO, USA). z-VAD-fmk (cat.\#627610) and Nec-1 (cat.\#480065) were purchased from Merck (KGaA, Darmstadt, Germany). Staurosporine (cat.\#1285) was purchased from Tocris Bioscience (Avonmouth, Bristol, UK). Necrosulphonamide (cat.\#N388600) was purchased from TRC (Toronto, Ontario, CANADA). DAPI (cat.\#10236276001) and DCFH-DA (cat.\#KGT010-1) were purchased from KeyGEN (Shanghai, China). DAB Detection Kit (cat.\#Kit-0014) was purchased from Fuzhou Maixin Biotech (fuzhou, China). Rabbit anti-RIP3 antibody (cat.\#ab72106) and mouse anti-*β*-actin antibody (cat.\#ab3280) were purchased from Abcam (Cambridge, MA, USA).

Cell culture
------------

Human CCA cell lines QBC939 and Mz-ChA-1 were purchased from ATCC, USA. Human cervical cancer cell line HeLa, human colorectal carcinoma cell line HT-29 and human breast cancer cell line MCF-7 were purchased from the Institute of Cell Biology, China. HeLa and MCF-7 Cells were cultured in DMEM (Gibco, Grand Island, NY, USA); QBC939, Mz-ChA-1 and HT-29 cells were cultured in RPMI 1640 (Gibco). All culture media were supplemented with 10% fetal bovine serum (Gibco), 100 U of penicillin, and 100 *μ*g/ml of streptomycin (Life Technologies, Carlsbad, CA, USA). All cells were cultured in a humidified incubator at 37 °C with 5% CO2.

Cell viability assay
--------------------

Cellular viability was detected using the MTT method. Cells were cultured in 96-well cell at a density of 8×10^3^ cells per well. After matrine treatment, 20 *μ*l MTT (5 mg/ml) solution was added to the medium directly and incubated for 4 h at 37 °C. Then the medium was removed carefully, and 100 *μ*l DMSO was added to dissolve formazan crystals. The absorbance of each well (OD value) was measured at 570 nm by a Microplate Reader (Bio-Rad, Hercules, CA, USA).

DAPI staining of the nucleus
----------------------------

Cells were cultured in six-well plates with complete media. After matrine treatment, cells were fixed for 15 min at room temperature using 4% Paraformaldehyde, then washed with phosphate-buffered saline (PBS) twice and stained with DAPI solution (5 *μ*g/ml) for 5 min at 37 °C (protected from light). The samples were observed by fluorescence microscopy. Apoptotic cells were determined by condensed nuclei and formation of apoptotic bodies. The images were chosen from at least three microscopic fields randomly.

Analysis of cell death by flow cytometry
----------------------------------------

Cell death was determined by PI exclusion assay. In brief, after matrine treatment, cells were digested using trypsin without EDTA, and collected by centrifugation, then washed twice with PBS and re-suspended in PBS containing 5 *μ*g/ml PI. The tube was gently vortexed and incubated for 5 min at 4 °C in the dark. The samples were analyzed by flow cytometry (Cyflow Space) and the WinMDI (Windows Multiple Document Interface for flow cytometry) software.

Construction of stable cell lines expressing shRNA
--------------------------------------------------

Human RIP3 shRNAs and non-targeting control shRNA were purchased from Shanghai Genechem. The shRNA sequences targeting RIP3 were 5′- GGCTAAACAAACTGAATCT-3′ (shRIP3-1) and 5′- CGACCGCTCGTTAACATAT-3′ (shRIP3-2). The shRNA control (scramble) sequence was 5′- TTCTCCGAACGTGTCACGT-3′. 293T cells were co-transfected with lentiviral-packaging plasmids and control shRNA or RIP3 shRNA plasmid, the virus-containing supernatant was collected 48 h later and used to infect cells. Twelve hours after infection, the cell medium were replaced with fresh complete medium, and puromycin was added 72 h post infection to select stable cell lines.

Patients, tissue specimens
--------------------------

The study was approved by the Medical Ethics Committee of Zhongshan Hospital Affiliated to Xiamen University and was accorded with the Helsinki Declaration with informed consent of all patients. Samples collected from 42 patients with no preoperative radiation or chemotherapy, one CCA-adjacent normal liver tissue paired with two CCA tissue cores from each patient, in the tissue bank of Zhongshan Hospital Affiliated to Xiamen University.

Tissue microarray was constructed using Formalin-fixed and paraffin-embedded CCA tissues and the matched adjacent normal liver tissues from 42 patients with ALPHELYS MiniCore series 3; 1-mm cores from donor blocks were transferred into a recipient block. The matched normal liver tissues were obtained from a segment of the resected specimens that was \>5 cm away from the tumor.

Immunohistochemistry
--------------------

Tissue sections were de-waxed by double xylene for 10 min, rehydrated in stepped alcohol, and immersed in 3% hydrogen peroxide for 10 min to suppress endogenous peroxidase activity. Antigen retrieval was performed twice by heating (100 °C) tissue sections for 3 min then cooling for 2 min in 0.01 mol/l sodium citrate buffer (pH 6.0). After three times of 3 min rinses in PBS, tissue sections were incubated for 20 min at room temperature with goat serum. Then, the tissue sections were dried and incubated with the first antibody (anti-RIP3, 1 : 150) incubating at 4 °C overnight. After three washes (each for 3 min in PBS), tissue sections were incubated with biotin-labeled secondary antibody for 10 min at 37 °C. After three additional washes, tissue sections were incubated in streptavidin biotin-peroxidase solution. After three additional washes, peroxidase activity was developed with diaminobenzidine at room temperature, and then counterstained with hematoxylin and washed with water. After routine dehydration and transparency, tissue sections were sealed with neutral resins.

RIP3 protein expression in normal and malignant (CCA) tissues was evaluated by two individuals under fluorescence microscope. Tissue sections were scored per ×40 field. All tissue sections were scored in a semi-quantitative manner, which reflects both the intensity and percentage of cells staining at each intensity. Intensity was classified as 0 (no staining), +1 (weak staining), +2 (distinct staining) or +3 (very strong staining). Percentage was classified as 0 (\<10%), +1 (10--25%), +2 (25--50%), +3 (50--75%) and +4 (\>75%). A value designated the 'HSCORE' was obtained for each slide by using the following algorithm: HSCORE=I×PC, where I and PC represented staining intensity and the percentage of cells, respectively, and the corresponding HSCOREs were calculated separately. RIP3 expressions were classified by HSCORE, negative (0--1), weak positive (2--4), strong positive (4--12). Staining was scored independently by two individuals who were blinded to the findings. *X*^2^-test was used to analyze the results of immunohistochemical staining with the established histopathological malignancy grade.

Western blot analysis
---------------------

Cells were lysed in ice-cold RIPA buffer (50 mM Tris-HCl pH 8.0, 150 mM NaCl, 1% NP-40, 0.5% sodium Deoxycholate, 0.1% SDS) containing 1.0 mmol/l phenylmethylsulfonyl fluoride and protease inhibitors (Roche, Indianapolis, IN, USA). After sonication and centrifugation, proteins were separated on 8--10% SDS-polyacrylamide gel and analyzed by immunoblotting. The specific protein bands were visualized by enhanced ECL system (Bio-Rad).

Real-time PCR
-------------

Total RNA was extracted using RNAiso Plus as described by the manufacturer's protocol (Takara, Dalian, China), and then reverse-transcribed to cDNA using Primescript RT reagent kit (TaKaRa). Real-Time PCR was performed using the SYBR Green I fluorescent dye (SYBR Premix Ex Taq II, TaKaRa) and the StepOnePlus real-time PCR system (Applied Biosystems, Australia). The PCR condition is the following: an initial pre-degeneration at 95 °C for 2 min, followed by 40 cycles of denaturation at 95 °C for 10 s and annealing/extension at 60 °C for 20 s. The fold change in mRNA expression level was calculated using the comparative ΔCt method and GAPDH as a normalization control. The primers used were listed below:

*RIP3*, 5′- ACTCCCGGCTTAGAAGGACT-3′ (forward)

5′- GCCCTGCTCCTCTTGGTAAG-3′ (reverse)

*GAPDH*, 5′- TGCACCACCAACTGCTTAGC-3′ (forward)

5′- GGCATGGACTGTGGTCATGAG-3′ (reverse)

ROS detection
-------------

Cells were washed three times with PBS and stained with 20 *μ*M DCFH-DA for 30 min in 37 °C, 5% CO~2~ incubator. Then the cells were trypsinized, collected by centrifugation, washed again using PBS, and re-suspended in 1 ml PBS. ROS generation was measured by the flow cytometry (Cyflow Space, Partec, Germany) and the WinMDI (Windows Multiple Document Interface for flow cytometry) software.

Immunofluorescence
------------------

Cells were seeded on coverslips in six-well plates with complete media. After matrine treatment, cells were washed three times with PBS and fixed with 4% paraformaldehyde for 15 min at room temperature. The fixed cells were washed three times and then permeabilized in 0.3% Triton X-100 (in 0.02% BSA/PBS) for 20 min. Next, the cells were blocked with 5% BSA in PBS for 30 min and washed three times with PBS, and then stained with anti-MLKL antibody (rabbit, 1:100, Sigma) for 3 h at room temperature. The cells were then washed three times in PBS followed by incubating with the FITC-labeled anti-rabbit second antibody (1:200, Santa Cruz Biotech, CA, USA) 1 h in dark environment. Cells were washed three times with PBS and stained with DAPI for 5 min. At last, slides were mounted with fluoromount. Samples were analyzed by the confocal laser scanning microscope. The confocal images results were representative of at least three independent experiments.

Statistical analysis
--------------------

The above experiments were repeated for at least three times. The data were analyzed by prism 5.0 (GraphPad, San Diego, CA, USA) and expressed as the mean±S.D., and the significant difference was determined by the student's *t*-test. *P*\<0.05 was considered as significant.

This work was supported by the grants from the National Natural Science Foundation of China (U1405228, 81472568, 81572589 and 31300970), the Natural Science Foundation of Fujian grant (2014J07010, 2015R1036-1, 2016R1034-1 and 2016R1034-4), Xiamen Science and Technology Key program grants (3502Z20100006, 3502Z20143013 and 3502Z20159013) and the Fundamental Research Funds for the Central Universities (20720150058).

[Supplementary Information](#xob1){ref-type="supplementary-material"} accompanies the paper on the *Cell Death and Discovery* website (http://www.nature.com/cddiscovery)

Edited by A Rufini

The authors declare no conflict of interest.

###### 

Click here for additional data file.

###### 

Click here for additional data file.

![Matrine-induced non-apoptotic cell death in CCA cells. (**a**) Matrine-induced cell death in a dose-dependent manner in Mz-ChA-1 and QBC939 cells. Cells were treated with different concentrations (0, 0.25, 0.5, 1.0, 1.5 and 2.0 mg/ml) of matrine for 48 h, then the percentage of cell death was determined with PI staining plus flow cytometry. All data were presented as the mean±S.D. of three independent experiments. Significant differences compared with vehicle controls were indicated as \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 (assessed by Student's *t*-test). (**b**) The nuclei of Mz-ChA-1 and QBC939 cells did not display typical apoptotic features under matrine treatment. Cells were treated with matrine (1.5 mg/ml) or vehicle (control) for 48 h, or STS (2 *μ*M) for 12 h, and then subjected to DAPI staining and fluorescent microscope. (**c**) Accurate morphological analysis of CCA cells treated with matrine using transmission electron microscope. Mz-ChA-1 and QBC939 cells were treated with matrine (1.5 mg/ml) for 24 and 48 h, and then observed and photographed under transmission electron microscope.](cddiscovery201696-f1){#fig1}

![Matrine-induced necroptosis in CCA cells. (**a**--**c**) Mz-ChA-1 and QBC939 cells were pre-treated with necroptosis inhibitor Nec-1 (20 *μ*M) or caspase-dependent apoptosis inhibitor z-VAD-fmk (20 *μ*M) for 2 h, and then treated with matrine (1.5 mg/ml) or vehicle for 48 h. After that, the percentage of cell death was determined by PI staining and flow cytometry (**a** and **b**) and the accurate morphology of cells were observed and photographed under transmission electron microscope (**c**). Results were presented as the mean±S.D. from three independent experiments. Significant differences were indicated as \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 (assessed by Student's *t*-test).](cddiscovery201696-f2){#fig2}

![RIP3 was required for matrine to induce necroptosis in CCA cells. (**a** and **b**) Endogenous RIP3 expression levels in several tumor cell lines were detected by western blot (**a**) and real-time PCR (**b**). (**c** and **d**) RIP3 knockdown efficiency in Mz-ChA-1 (Left) and QBC939 (Right) cells was determined by western blot (**c**) and real-time PCR (**d**). \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 *versus* control (assessed by Student's *t*-test). (**e**) Mz-ChA-1 and QBC939 cells expressing control or RIP3 shRNA were pre-treated with Nec-1 (20 *μ*M) or z-VAD-fmk (20 *μ*M) for 2 h, and then treated with matrine (1.5 mg/ml) or vehicle for 48 h. After that, the percentage of cell death was determined by PI staining and flow cytometry. Results were presented as the mean±S.D. from three independent experiments. Significant differences were indicated as \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 (assessed by Student's *t*-test). (**f**) Matrine increased RIP3 expression levels in Mz-ChA-1 and QBC939 cells. Cells were treated with matrine (1.5 mg/ml) for 0, 3, 6, 9 and 12 h, then lysed and subjected to western blot analysis with anti-RIP3 antibody. *β*-actin was used as an internal control.](cddiscovery201696-f3){#fig3}

![MLKL translocation as a downstream event of RIP3 was required in matrine-induced necroptosis. (**a** and **b**) MLKL was required in matrine-induced necroptosis in Mz-ChA-1 (**a**) and QBC939 (**b**) cells. Cells were pre-treated with MLKL inhibitor NSA (20 nM) for 2 h, and then treated with matrine (1.5 mg/ml) or vehicle for 48 h. After that, the percentage of cell death was determined by PI staining and flow cytometry. Results were presented as the mean±S.D. from three independent experiments. Significant differences were indicated as \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 (assessed by Student's *t*-test). (**c**) MLKL translocation from cytoplasm to plasma membrane induced by matrine were blocked by Nec-1. Mz-ChA-1 and QBC939 cells were pre-treated with Nec-1 (20 *μ*M) for 2 h, and then treated with matrine (1.5 mg/ml) or vehicle for another 2 h. MLKL subcellular localization was analyzed by immunofluorescence and confocal laser scanning microscopy.](cddiscovery201696-f4){#fig4}

![ROS production stimulated by matrine/RIP3/MLKL signaling contributed to matrine-induced necroptosis. (**a** and **b**) Matrine increased the ROS levels of Mz-ChA-1 and QBC939 cells in a dose-dependent manner. Cells were treated with different concentrations of matrine (0, 0.25, 0.5, 1, 1.5 and 2 mg/ml) for 24 h, then the ROS production was measured by flow cytometry. (**c**) Matrine-induced cell death was suppressed by ROS scavenger NAC. Cells were pre-treated with NAC (5 m[M]{.smallcaps}) for 3 h, and then treated with matrine (1.5 mg/ml) or vehicle for 48 h. Cell viability was assessed by MTT assay. (**d**) ROS production elevated by matrine were suppressed by Nec-1. Cells were pre-treated with necroptosis inhibitor Nec-1 (20 *μ*M) or NSA (20 nM) for 2 h, and then treated with matrine (1.5 mg/ml) or vehicle for 24 h. ROS levels were detected by flow cytometry. All data were presented as the mean±S.D. from three independent experiments. Significant differences were indicated as \**P*\<0.05, \*\**P*\<0.01 and \*\*\**P*\<0.001 (assessed by Student's *t*-test).](cddiscovery201696-f5){#fig5}

![RIP3 was expressed in most CCA tissues. (**a**--**d**) Representative images of IHC using RIP3 antibody in CCA tissues (**a**--**c**) and the paired normal liver tissues (**d**). The left images were shown at ×100 magnification, and the right were corresponding to the left in the red box at ×400 magnification. Yellow represented RIP3, and blue were on behalf of the nucleus. (**a**) Representative images of negative RIP3 expression in CCA tissues (−). (**b**) Representative images of low RIP3 expression in CCA tissues (+). (**c**) Representative images of strong RIP3 expression in CCA tissues (++). (**d**) Representative images of strong RIP3 expression in CCA-adjacent normal liver tissues (++).](cddiscovery201696-f6){#fig6}

![Proposed model for matrine to induce cell necroptosis in CCA cells.](cddiscovery201696-f7){#fig7}

###### RIP3 expression compared in CCA tissues and their paired adjacent normal liver tissues

  *Clinical parameters*    *Number*   *RIP3 expression*   *Positive rate*   P *value*           
  ----------------------- ---------- ------------------- ----------------- ----------- -------- --------
  Normal liver tissues        42              0                  2             40        100%    \<0.05
  CCA tissues                 42             13                 25              4       69.04%      
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